amines support ion-pair transport of SCN-and H + across the mitochondria1 inner membrane [15], and we recently found that they also support ionpair transport of C,,-sulphonate in liposomes and BAT mitochondria [6].
Introduction
Uncoupling proteins (UCPs) are suggested by their name to uncouple oxidative phosphorylation [l] . Whereas there was little doubt about the uncoupling function of U C P l from brown adipose tissue, for other UCPs (e.g. UCP2-5) the uncoupling and the synonymous H+-transport func-tion were less clearly defined and subject to a wider range of proposed functions (reviewed in [24] ).
T h e problems with elucidating the functions of the UCP variants were low expression levels in their natural host cells, and thus studies on isolated mitochondria and the isolated native proteins were not possible. Heterologous expression of UCPs first in yeast and then in Escherichia coli were therefore applied [S-1 11. However, in yeast the state of UCPs was not well defined and problems in the interpretation of the functional assays of uncoupling arose. Here we will deal with these problems and offer a solution to the understanding of UCPs function on the level of its transport function and regulation. These results should furnish a complement for elucidating the physiological role of UCPs, such as can be investigated in genetically modified mice by knocking out, ablating or overexpressing UCPs. Results from this in oivo approach are forthcoming from various laboratories and reveal interesting physiological correlations of UCPs. It has been our view that UCPl is a paradigm for other UCPs variants, not only historically but also as a practical working hypothesis. In the following we will summarize our experimental evidence for the regulated uncoupling function of UCPs, first by pointing out the fallacies of the yeast expression system and then by introducing new methods to renature and to activate Hi transport in UCPs. In the course of these pursuits coenzyme Q (CoQ) was discovered as an obligatory cofactor for H+ transport.
The expression of UCPs in yeast
For the recombinant expression of the UCPs, Saccharomyces cerevisiae has been a preferred host. First, UCPl from brown adipose tissue was introduced into yeast cells and was quite abundantly incorporated into yeast mitochondria, without inhibiting the growth of the yeast cells [12-151. This expression system was used extensively as a vehicle for elucidating the structure-function relationship in UCPl by directed mutagenesis [ 11. Following this lead, the discoveries of UCP variant genes, UCP2, UCP3 and brain mitochondrial carrier protein (BMCP), also initiated their expression in S. cerevisiae [S-1 13. T h e uncoupling was measured by FACS using a fluorescent probe for the mitochondrial membrane potential. In yeast cells expressing UCP2 and 3, a stronger decrease of membrane potential was reported than in cells expressing UCPl. However, it could not be decided a priori whether the observed downshift of the fluorescence maximum in the FACS profile was caused by a decrease in the membrane potential, i.e. an uncoupling effect, or merely by a decrease of the amount of mitochondria. In the following the uncoupling function of UCP2 and UCP3 was investigated at the level of isolated mitochondria from yeast in various laboratories.
We looked closely at the uncoupling and H+-transport properties of UCPl and UCP3 expressed in yeast mitochondria by measuring the membrane potential, the H' transport and in cells the ATP synthesis rates [16, 17] In contrast, in cells harbouring UCP3, growth and ATP synthesis were drastically inhibited and the yield of mitochondria was low [ 16,171. Those mitochondria exhibited no regulated uncoupling, i.e. they were uncoupled a priori without additions of fatty acids. Also they could be only marginally recoupled with nucleotides. T h e deleterious effect on cells and mitochondria increased strongly with the expression level of UCP3. At high levels, a gelatinous pellet surrounding the few mitochondria in the centrifugal sediment was found, which contained inclusion-type aggregate of UCP3 that was insoluble in Triton X-100. T o our surprise, also in mitochondria with low expression levels, UCP3 turned to be largely refractory to Triton solubilization. In contrast, UCPl at low or very high expression levels was Triton-soluble. Since solubility in various detergents reflects insertion into mitochondrial membrane, we concluded that the bulk of UCP3 is not incorporated into the mitochondria.
T h e sequence of events is seen as follows ( Figure 1 ): first a small fraction UCP3 is incorporated into the mitochondria, mostly in a deranged form unable to bind nucleotides, but still able to transport H'. T h e resulting unregulated uncoupling and low mitochondrial membrane potential (Aw) prevents further UCP3 being im-Scheme depicting the suggested incorporation stages in mitochondria of UCP3
expressed in yeast
On induction initially some UCP3 is imported into the inner membrane of the mitochondrion. A small part i s folded into the native state and blocked by cytosolic ATP. similar to all of UCP I expresed in yeast. Another portion is, after insertion into the inner membrane, in a deranged conformation which cannot bind ATP. It causes uncontrolled H' leakage and thus uncouples the mitochondria in yeast cells, even without activation by fatty acids, different from UCP I. As a result the low A'f' prevents import of further synthesized UCP3 so that the majority ( > 90%) of UCP3 aggregates outside the mitochondria.
Biogenesis
- [23, 24] . However, we had success in reconstituting CI-transport with UCPl and UCP3 from E. coli inclusion bodies, which was highly sensitive to nucleotides With these results the lack of regulated H' transport seemed to be an artifact of the reconstitution system and demanded scrutiny of the possible defect. First we converted the solubilized UCPl into the nucleotide-binding form b y replacing the sarcosyl with digitonin [26] . In this detergent UCPl assumed a stable nucleotidebinding form, which was then used for incorporation into phospholipid vesicles. Also, with this largely renatured UCPl no H' transport could be reconstituted. After eliminating some possible causes for the defect, we pursued the potential existence of a cofactor for UCP, necessary for H' transport. With various soluble extracts from brown fat or UCP-expressing yeast mitochondria, no activation of H' transport was obtained [27] .
We prepared lipid extracts from mitochondria, ~5 1 . which failed when using the usual solvents for extracting phospholipids. Only with extracts of neutral lipids from lyophilized mitochondria was an activation of H' transport beyond the basic rate obtained. This additional H' transport had to fulfil our criteria of specific UCP-linked H' transport, i.e. inhibition by low concentrations of nucleotides. On further improvement, H'-transport activities reaching the same rates as with native UCPl were measured. T h e working hypothesis that the activating component is associated specifically only with UCPl was invalidated when it was found that not only extracts from brown adipose tissue and from UCPl -expressing yeast mitochondria, but also those from bovine heart and normal yeast mitochondria, had activation potency. Fractionation by thin-layer chromatography was optimized to the degree as to finally identify one small neutral lipid fraction responsible for the activation. On analysis by NMR, gas chromatography showed mostly triglycerides in this fraction. An absorption spectrum with a weak band at 280 nm may have indicated rare a-keto fatty acids in the triglycerides, but a suspicion of CoQ based on long experience with this compound led us to test the response of UV absorption to the reductant NaBH,. T h e resulting strong decrease in the absorption was clear evidence of the presence of CoQ. Also, commercial C o y migrated in the thin-layer assay with an identical R , value to the activating fraction 2 from mitochondria. New addition of C o y resulted in full activation of H' transport, which fulfilled our criteria, i.e. dependence of fatty acid addition and inhibition by nucleotides.
After CoQ was identified as the activating component for the UCPl reconstituted from E. roli inclusion bodies, the question arose as to why the native UCPl did not require addition of CoQ. We found that the UCPl isolated with Triton contained CoQ at a CoQ/UCPl molar ratio of % 3. Further, on mild extraction of native UCPl with ether, the same reconstitution and reaction with CoQ were needed. When the excess of C o y contained in Triton-solubilized UCPl was decreased by a sucrose gradient to a molar ratio of 0.8, a requirement for CoQ addition emerged also for the native UCPl. These results show that CoQ is also an activating cofactor in native UCPl and consequently also in mitochondria.
Under these reconstitution conditions the specificity for C o y was examined using CoQ with varying isoprenoid or alkyl chain lengths and found to require a minimum of 13 carbon atoms. 
